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Abstract 
The presence of fractures in the storage reservoir at CO2 storage sites may increase the reservoir permeability and 
subsequently cause the CO2 plume extent to increase. Similarly, fractures in the caprock could provide regions of 
secondary storage if CO2 escapes from the reservoir. An important factor influencing the degree of these effects is 
whether the fractures form a continuously connected, or percolating, pathway. A methodology assessing the existence 
of percolating network of fractures, which incorporates the uncertainties in measured fracture properties around 
wells, was applied to assess secondary storage in the lower caprock at the In Salah Storage Site. It is demonstrated 
that secondary storage will occur if the fracture line density is equal to or greater than 2 m-1 and further shown what 
length distributions will provide secondary storage, if line density is less than 2 m-1.  
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1. Introduction 
Movement of geologically stored CO2, within either the primary storage reservoir or within the storage 
complex, is primarily controlled by the (absolute) permeability of the relevant layers. Flow in the storage 
reservoir may be due to a combination of matrix and fracture permeability. Given that matrix 
permeability in the storage reservoir is likely to be significant, individual non-connected fractures may act 
as flow paths, and greater overall permeability is correlated with a greater degree of fracture connectivity.  
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In the reservoir, it is desirable to have a large permeability as this allows injected CO2 to spread quickly 
through the region, thus minimising pressure increase around the injection well.   
Secondary storage may also exist in the overburden formations within the storage complex. As the 
caprock usually has a low matrix permeability, the upward migration of CO2 from the injection horizon to 
the secondary storage zone would be mainly due to the presence of a network of interconnected fractures 
if the caprock seal is affected by natural or induced fractures. A fracture network that provides a 
continuous pathway is from here onwards referred to as percolating. The connectivity of fracture 
networks is dependent on the geometry of the fractures and can be assessed using the percolation theory.  
Building upon research reported previously [1, 2], a methodology was developed to assess whether a 
percolating fracture network in the caprock exists. A brief description of the methodology developed is 
presented in Section 2. Its application to the lower caprock of the storage complex at the In Salah storage 
site is described in Section 3. The assessment of permeability and relative permeability of and multiphase 
flow through a percolating fracture network has not been considered at this stage of research. 
2. Percolation assessment methodology 
Percolation theory has been widely applied in petroleum reservoir engineering and in fracture 
modelling in general. Application to CO2 storage could be quite critical in determining if rock units are a 
seal or not. Measurements of fractures in the caprock originate from well and seismic data sources. These 
measurements provide some information on the value of parameters that collectively define the fractures 
(length distribution, orientation distribution, aperture distribution, spatial distribution etc). There is 
uncertainty over both these parameter values and the particular way that fractures are arranged in the 
caprock. The percolation assessment methodology presented here considers both these uncertainties and 
takes as an input the available measurements and provides information on the uncertainty related to the 
existence of a percolating network. The methodology can be divided into three main stages. 
 
 
Fig. 1. Partially cemented fracture in core from well KB-2 at In Salah [4]. 
The first stage of percolation assessment is to assimilate the available direct fracture data from well 
measurements such as image logs or core samples. An example from In Salah is shown in Fig. 1. The 
values of some fracture parameters may be obtained from these well measurements, while the values of 
some other fracture parameters will be only partially described by measurements. These uncertainties can 
be accounted for by defining probability distributions for the value of each parameter, which respect the 
measurement uncertainty. Combining the values from the distributions of different fracture parameters 
using Monte Carlo sampling, a large array of possible values of all the parameters that describe the 
fractures can be produced. This is an array where each member contains a value for density, orientation 
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distribution, length distribution etc. and the parameter values in the array are representative of the 
measurement uncertainty. In addition to reasonably well known and less known parameters, the values of 
some fracture parameters will be completely unknown. When a parameter is completely unknown, there is 
insufficient data for a probabilistic treatment of the uncertainty relating to such parameters. For this 
purpose, assumptions are made to define distinct scenarios which describe the major parameter 
uncertainties. The outcome of this stage of the methodology is an array of fracture parameter values, 
which together describe the relevant uncertainty given some basic assumptions defined by scenarios.  
In the second stage of percolation assessment, the array of fracture parameter values derived previously 
is used as the inputs to the in-house fracture network model developed at Imperial College. These data are 
considered representative in describing fracture properties across the whole region in the quantitative 
stage of fracture modelling. Modelling is performed using a Marked Point Process [3] to assign fractures 
to a region and percolation is tested for between opposing surfaces of the model as shown in Fig. 2. By 
using a large number of different fracture parameters and modelling a large number of fracture network 
realisations for each set of fracture parameters, the probability of percolating pathways existing is 
obtained given the scenario assumptions and uncertain data.   
 
     
(a)                                                                        (b) 
Fig. 2. (a) Fracture network horizontally percolating in one direction and containing a small fraction of the total number of fractures; 
(b) fracture network horizontally percolating in both directions and containing the majority of the total number of fractures). 
As fracture properties may vary dramatically away from the wellbore, the final stage of percolation 
assessment considers that direct fracture data gained from wellbores may not necessarily be representative 
over the whole model area. The fracture modelling will contain unaccounted for uncertainties, so the 
results of quantitative modelling are combined with qualitative data and the assumptions on which 
scenarios are based to make a fuller assessment of uncertainty in the occurrence of percolation. 
3. Application of methodology to In Salah storage site 
3.1. Background  
The main CO2 storage aquifer (C10.2) at Krechba is approximately 20-25 metres thick at about 1,880 
m below the surface. It is overlain by a tight sandstone and siltstone formation (C10.3) of about 20 m in 
thickness, which is in turn overlain by a 950 m thick formation of Carboniferous Viséan mudstone 
interbedded with thin dolomite and siltstone layers. The C10 formation, together with the lower cap rock 
(C20.1  C20.3), form the CO2 storage complex at Krechba (Fig. 3).  
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The In Salah project has injected CO2 into the aquifer leg of the reservoir through three horizontal
injection wells (KB-501, KB-502 and KB-503) since August 2004. As the injection site is also a
producing gas field, the storage formation is relatively well characterised. It is known that fractures exist
in the region and these have been observed at KB-502 and a production well, Kb-14 [4].  The fracture data
estimated by Iding and Ringrose are shown in Fig. 3(a), based upon which a schematic diagram of 
fracturing in the region is drawn in Fig. 3(b). These data indicate similar fracturing to be present in the
reservoir and lower caprock section with uncharacterised fracturing in the upper caprock. Additionally, 
seismic data indicate the presence of a NW fault zone in between KB-502 and a suspended (now fully
decommissioned) appraisal well, KB-5 [5].  The observed CO2 breakthrough at KB-5 suggests that this 
fault zone and/or fractures are contributing to an enhanced pathway of migrating CO2 between KB-502 
and KB-5.
(a)                             (b)
Fig. 3. (a) Fracture orientation, density, aperture and length data acquired from KB-502 and KB-14 [4]; (b) schematic diagram of 
fractures in the reservoir and caprock (not to scale).
Further analysis of surface uplift data and history matching of the bottomhole pressures at KB-502 in 
recent research [6, 7] has also suggested that injected CO2 is migrating through this non-sealing fault 
(zone) identified in the main storage reservoir and, moreover, CO2 may have migrated into the lower
caprock. A potential source of uncertainty, however, is whether there is secondary storage in the lower 
caprock (C20), in addition to the reservoir (C10). If there is secondary storage, then CO2 that flows up the 
fault zone can dissipate into the lower caprock. However, without secondary storage, pressure will build
up in the fault zone with the potential for further vertical propagation. Within the lower caprock, where
matrix permeability is very low, any secondary storage is likely to be a result of fracture permeability 
alone. Therefore, an assessment of whether horizontal percolation occurs and whether capillary entry
pressures are reached would be very valuable. 
The production of trapped hydrocarbons at In Salah is indicative of a sealing caprock; therefore, it is
believed that fractures do not form a significant leakage pathway out of the storage complex. This
suggests the absence of a vertically percolating pathway through a significant portion of the caprock.
However, it is not known whether fracture networks within the storage reservoir are vertically percolating.
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3.2. Fracture characteristics 
Fracture orientation data [4] suggest a dominant fracture orientation of NW-SE about which there is 
approximately 30° of uniform variation. The reliability of these data is high as they were acquired from 
multiple sources. Fracture density data (Fig. 3a) can be considered reliable around the well that it was 
acquired from. Fracture length data at In Salah, shown in Fig. 3a, were acquired from mud loss events, 
which are subject to large uncertainties. The length values reported in Fig. 3a should be considered 
maximum values of fracture length.  Image log data have not been used to estimate intersection ratio. The 
data on fracture apertures, shown in Fig. 3a, were acquired using image log and mud loss data, although 
there are potentially large uncertainties in these measurements [4]. Additionally, core analysis data show 
that some fractures were cemented and therefore not conductive, although the number of closed fractures 
was not reported. Image log data from KB-14 show stratigraphic zonation of fractures [4], which suggests 
that fractures are stratabound to some extent.  The layer truncation percentage (Ltrunc) of a stratabound set 
is not known. 
Seismic surveys show the existence of a number of faults in the region [5], as illustrated in Fig. 4. In 
particular, there is a fault very close to well KB-502 where the data in Fig. 3a are reported from. 
 
 
Fig. 4. Fault locations in the In Salah reservoir region [8]. 
3.3. Fracture modelling 
To investigate the potential existence of a secondary storage volume in the lower caprock, a single 
stratabound fracture layer with a horizontal model domain of 800 m × 800 m × 20 m was considered to 
represent a section of the lower caprock. A uniform strike distribution of NW-SE ± 15° and a dip value of 
86° were used for each realisation. The measured fracture line density was given as 1 - 5 m-1, implying a 
variation in density along the well path. It was not clear whether the variation was inter- or intra-layer or 
both. Without this information, the fractures were modelled assuming a random spatial distribution and 
with different density scenarios defined by a single fracture line density value (1, 2, 3, 4 and 5 m-1). In the 
absence of data on the proportion of cemented fractures, all fractures were assumed to be open. A major 
uncertainty was the length distribution, because without intersection data, the length distribution was 
unknown. Therefore, this was the major parameter investigated with modelling and a power-law length 
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distribution (n(R)= -a) was assumed [9]. Here R is the length, n(R) is the number density of fractures of 
length R, a is a constant describing the power law and is the normalisation constant, which describes the
fracture density. Rmax was constrained by mud-loss data to between 50 and 200 m, Rmin was unknown and 
a was assumed to vary between 1.8 and 4.5. Therefore, fracture properties were selected from the ranges
shown in Table 1 to define a power-law length distribution for each realisation. An example of a single
fracture network realisation, including a magnified section is shown in Fig. 5.
Table 1. Modelled fracture properties.
Orientation Strike uniformly distributed in the range NW-SE ± 15° and dip=86°
Length Power-law: Rmax=50-200m, Rmin=0.1-50m, a =1.8-4.5 (single values
selected for each realisation)
Density 1 5 m-1
Fig. 5. A single fracture network realisation including a zoomed in section.
It was tested whether a percolating network existed, which spanned all sides of the model region. If 
this condition was achieved, then the modelled realisation was considered to be well connected and
therefore provided secondary storage. Considering first realisations with a fracture line density of 1 m-1, 
percolation was found to occur for all realisations with mean lengths greater than 10m. For realisations
with smaller mean lengths, percolation was found not to occur for the ranges of a and Rmin when a <3 and
Rmin <2, or a <4 and Rmin <5, or a <4.5 and Rmin <7 respectively. Even for these non-percolating
realisations, there still existed a cluster which spanned a distance in the range 200 800 m in the direction 
of the dominant fracture orientation. However, the cluster contained only a small fraction of the fractures
in the modelled region and spanned only a small distance in the direction perpendicular to the dominant 
fracture orientation. Therefore, those realisations would not provide secondary storage. For realisations
with a fracture line density of 2 m-1, percolation was found to occur for all realisations.  This was also the
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case for line densities up to 5 m-1. Fig. 6 displays fracture network realisations with different levels of 
percolation, ranging from a very small cluster to almost complete connectivity. 
Even though the minimum length and power-law exponent remained undefined, it was possible to 
make some inferences about the existence of secondary storage in the lower caprock. If the measured 
fracture line density range (1 - 5 m-1) described density variation between layers, then most, if not all 
layers, were expected to contain a horizontally percolating network and to contribute to secondary 
storage. However, this was with the qualification that, if mean length was low, there may have been some 
regions not contributing to the percolating cluster where density was low. It may have been possible to 
confine fracture length by using image data to find intersections. This would have better characterised the 
connectivity in the fracture network 
 
   
(a)                                                                    (b) 
 
(c) 
Fig. 6. Fracture network realisations with different degrees of connectivity. The red fractures indicate the largest cluster within the 
realisation. 
The results described so far have assumed fracture networks where all fractures were open. However, 
core data show that some fractures were closed. This would act to reduce connectivity. As shown by the 
fault map in Fig. 4, the region is heavily faulted, which could cause high spatial variability in fracturing. 
However, fracture data, which have been derived from both the injection well KB-502 and the production 
well KB-14, show very similar fracture properties. While these provide only two data sets, and as such 
cannot be used to make firm conclusions, it would suggest that variability in fracture properties may be 
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low. Furthermore, the fault map shows that KB-502 is reasonably close to a fault and thus, if there was 
significant variability, the region around KB-502 may represent higher than average fault densities. These 
two pieces of evidence would suggest that the fracture connectivity analysis performed here is unlikely to 
underestimate fracture connectivity and the potential for secondary storage. However, without access to 
fracture data from other wells in the region or other spatially varying data, it is not possible to rigorously 
assess this conclusion. 
4. Conclusions 
Percolation assessment of the In Salah storage site, based upon the published fracture data, carried out 
in this study suggests that secondary storage could exist in the lower caprock if the fracture line density is 
equal to or greater than 2 m-1.  The length distributions required for secondary storage when fracture line 
density falls below 2 m-1have also been determined.  Since line density in the lower caprock at Krechba is 
reported to range between 1 and 3 m-1, there is likely to be at least some degree of secondary storage 
within the lower caprock. However, this result is subject to considerable uncertainty regarding the degree 
of fracture cementation, density variation away from wells and the uncharacterised fracture set  
Previous modelling work by the authors [6] indicated that upwards migration of CO2 from the main 
storage unit (C10) into the lower caprock has most likely occurred around KB-502. The existence of a 
secondary storage in the lower caprock thus provides a desirable buffer zone for the migrating CO2.  
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